The first part of our analysis is closely related to numerous empirical studies documenting trends in energy use, energy intensity and emission intensity (see, for example, Berndt 1978 , Neelis et al. 2007 , Nilsson 1993 , Sue Wing 2008 , Schipper et al. 2001 , Worell 2004 . The second part of our analysis fits in the research area known as index number decomposition analysis (see Ang and Zhang 2000 and Liu and Ang 2007 for recent surveys). The final part of our analysis relates to recent work on cross-country convergence of energy-or emission intensities (see, for example, Aldy 2006 , Jakob et al. 2012 , Liddle 2009 , Markandya et al. 2006 , Miketa and Mulder 2005 , Mulder and De Groot 2007 , Romero-Avila 2008 , Sun 2002 ) and extends the decomposition approach developed by Wong (2006) .
It is the objective of this study to contribute new figures and insights to these literatures. The main novelty of our approach is that we explore a unique combination of a cross-country perspective and high level of sectoral detail. Decomposition studies that include a high level of sector detail are usually limited in scope oftentimes focusing on a single country (see, for example, Fisher-Vanden et al. 2004 , Huntington 2010 , Ma and Stern 2008 , Mairet and Decellas 2009 , Sue Wing 2008 . Conversely, decomposition studies that include a cross-country perspective are usually limited in terms of sector detail, and often tend to focus on the Manufacturing sector with an emphasis on heavy industries (see, for example, Eichhammer and Mansbart 1997 , Fisher-Vanden et al. 2004 , Howarth et al. 1991 , Lescaroux 2008 , Unander et al. 1999 , Unander, F. 2007 , Park et al. 1993 . 1 In these studies, a limited degree of sectoral disaggregation may lead to biased results as it may obscure shifts from energy intensive to energy extensive subsectors, which consequently will show up as efficiency improvements. Similarly, studies on cross-country convergence of energy use or energy intensity often include no or limited sector detail (see, for example, Duro and Padilla 2011 , Jakob et al. 2012 , Liddle 2009 , Sun 2002 . In contrast, in all aspects of our cross-country study, we explore a high level of sector heterogeneity that is not limited to Manufacturing or heavy industry but also includes a range of service sectors and energy-extensive industries. Consequently, we are able to provide for a range of countries detailed evidence on which sectors drive trends in aggregate energy intensity across the entire economy. In addition -unlike many previous studies that analyze trends in energy intensity or energy productivity -we use a common data source on energy and economic activities. As a result, we (largely) avoid problems in defining sectors consistently across energy and economic variables. This is important because -although seldom explicitly acknowledged -inconsistent sector definitions may cause large errors despite the use of the most precise index-number procedure (Huntington 2010) . To facilitate an evaluation of the value of using the EU KLEMS framework in the field of energy economics we compare our results with evidence derived from the widely used combination of the OECD Structural Analysis (STAN) database (economy 3 data) with IEA energy data (see, for example, Mulder and De Groot 2007 and Smulders and De Nooij 2003 for applications with those data).
The results in this paper reveal that across countries energy intensity levels tend to increase in a fairly wide range of Services subsectors, but decrease in most Manufacturing sectors. A decomposition analysis shows that changes in the sectoral composition of the economy explain a considerable and increasing part of aggregate energy intensity patterns. A convergence analysis reveals that only after 1995 cross-country variation in aggregate energy intensity levels clearly tends to decrease, driven by a strong and robust trend break in Manufacturing and enhanced convergence in Services. Moreover, we find evidence for the hypothesis that across sectors lagging countries are catching-up with leading countries, with rates of convergence on average being higher in Services than in Manufacturing. Aggregate convergence patterns are almost exclusively caused by convergence of within-sector energy intensity levels, and not by convergence of the sectoral composition of economies.
The paper proceeds as follows. In Section 2 we further introduce and discuss our database. In
Section 3 we present new cross-country evidence on energy intensity growth rates at various levels of aggregation, and compare this with evidence from IEA/STAN data. In Section 4 we present the result of our index number decomposition analysis, identifying the role of structural shifts and efficiency improvements in explaining energy intensity trends at various levels of aggregation. In Section 5 we present the results of our convergence analysis. Section 6 concludes and discusses directions for future research that may benefit from the integrated EU KLEMS -IEA database.
Data
The dataset we use in this study combines the EU KLEMS database (March 2008 release) with energy data from the International Energy Agency (IEA). The database includes measures of output and input growth as well as derived variables such as multi-factor productivity, organized around the growth accounting methodology rooted in neoclassical production theory. In addition, the database provides many basic input data-series that are derived independently from the assumptions underlying the growthaccounting method, including various categories of capital, labor, energy and material. The database has been constructed on the basis of data delivered by EU KLEMS consortium partners with cooperation of national statistical offices, and processed according to agreed procedures. The approach taken follows a two-step procedure. First, the most recent and revised series by industry on gross output, value added and total intermediate input were taken from National Accounts. Industry. Hence, the energy level data (not the growth rates) for this industry require careful interpretation as -depending on the country -they might suffer from some degree of bias, predominantly due to differences in fuel mix across its subsectors. In general, it has to be borne in mind that our data do not allow to account for the role of fuel input mix in driving aggregate energy intensity developments since the EU KLEMS database only provides volume indices of aggregate intermediate energy inputs, defined as an expenditure based aggregate of all energy carriers.
As mentioned before, a key feature of the EU KLEMS cross-country database is its high level of sector-detail. At the lowest level of aggregation, the EU KLEMS database includes 71 sectors (NACE revision 1 classification). Limited availability of the energy input measure, however, allows us to distinguish 'only' 50 sectors in order to ensure international comparability of the data. This industry division is considerably more detailed than the 2-digit level that has been used so far in most crosscountry energy intensity analyses, which is particularly relevant for properly separating the role of efficiency effects from sectoral composition effects in driving aggregate intensity developments.
Nevertheless, when using this data in the field of energy economics three caveats are to be borne in mind. 
Trends
This section presents new evidence on the evolution of energy intensity across countries at different levels of aggregation. To facilitate evaluation of our data, we also provide a comparison with energy intensity indicators derived from the widely used combination of IEA and STAN data. Key results are presented in The observed differences in energy consumption series between the two data sources arise also from two methodological issues. First, for the most part IEA energy consumption data are based on 'mini questionnaires' received from national administrations of OECD countries as well as on monthly oil questionnaires, whereas within the EU KLEMS framework energy is defined as an intermediate input that We now move beneath the aggregate level by presenting in Tables 2 and 3 the annualized energy intensity growth rates in, respectively, 25 Manufacturing subsectors and 23 Services subsectors for selected (clusters of) countries. 6 The energy intensity growth differential is especially large in the U.S. Manufacturing sector for the period 1995-2005: -6.4% (EU KLEMS) versus -0.7% (IEA/STAN). We note that the EU KLEMS data for the USA correspond relatively well with the findings of Huntington (2010) Table 3 shows that across countries and regions energy intensity levels tend to increase in a fairly wide range of Services subsectors.
This is especially true in Japan.
Structural Change
Changes in energy intensity at the aggregate level result not only from energy efficiency improvements in individual sectors (an 'efficiency effect'), but also from changes in the sector composition of the economy (a 'structure effect'). The latter is caused by the fact that sectors differ inherently in terms of their requirement of energy inputs relative to other inputs like capital and (skilled) labor. In this section we present the results of an index number decomposition (or shift-share) analysis that we can use to decompose changes in aggregate energy intensity into a so-called structure effect and an efficiency effect.
To describe the essence of index number decomposition methodology algebraically, let i denote the sectors of the economy and let Y and E represent output (value added) and energy consumption, respectively. Aggregate energy intensity I, defined as the ratio of energy to output, can then be written as:
In this equation, I i represents the within-sector energy intensity and S i is the share of the sector in total value added. The efficiency effect is then calculated as the weighted sum of energy intensity changes of individual sectors (∆I i ) while keeping the sector composition of the economy constant. Conversely, the structure effect is calculated as the weighted sum of changes in the value added share of individual sectors (∆S i ) while keeping the within-sector energy intensity constant. Decomposition analyses in the field of energy studies have used a variety of weights, which translates into a range of applied decomposition approaches (see Ang et al. 2003 , Ang 2004 , Boyd and Roop 2004 , and Zhang and Ang 2001 , for reviews and details). In this study we use the so-called log mean Divisia index method (LMDI I)
as introduced by Ang and Liu (2001) . In its additive form this method derives, respectively, the efficiency effect (EFF) and structure effect (STR) between period 0 and t according to: In Table 4 we provide the results of our aggregate decomposition analysis based on 21-sectors. 9
For each country we present for different time periods the average annualized energy intensity growth rates before decomposition ('Gross') and after decomposition ('Net'), i.e. after correcting for activity shifts across sectors in the economy (the structure effect). 10 At the right-hand side of Table 4 we list per country the percentage contribution of the structure effect to the decrease in gross annualized growth rates of energy intensity -a positive number indicates that changes in the sector composition of the economy led to increasing aggregate energy intensity. 8 The generalized Fisher approach has its roots in studies by Siegel (1945) and Shapley (1953) ; see De Boer (2009) . Also, note that a simple relationship exists between the additive and multiplicative form, which thus can be easily related to each other. 9 A consistent comparison across countries prevents us from using a more detailed sector decomposition approach, given cross-country differences in data availability at the lowest level of sector detail. 10 Since the EU KLEMS database provides volume indices of aggregate intermediate energy inputs only (including all energy mining products, oil refining products and electricity and gas products), we are not able to correct our efficiency effect for changes in the fuel input mix. The latter might have an impact because energy carriers (natural gas, electricity, coal, etc.) differ in terms of available energy, i.e. they differ in terms of quality or efficiency in delivering energy services (Berndt 1978 , Cleveland et al. 2000 . From Table 4 it can be seen that in general changes in energy intensity at the aggregate economy level have been influenced more by (technology-driven) efficiency improvements within sectors than by structural changes. This finding corresponds with the findings of most energy decomposition studies (cf.
Liu and Ang 2007
). Nevertheless, in various countries structural change has a large influence on aggregate energy intensity changes: during the period 1995−2005 structural changes explain, respectively, 25% and 42% of the aggregate decrease in energy intensity across the sample of 18 OECD countries and the EU-10 countries (Western Europe). In the United Kingdom and Japan structural changes are by far the principal sources of reductions in aggregate energy intensity; in Japan after 1995 they even offset decreasing within-sector energy efficiency. Moreover, Table 4 shows that in the cluster of EU-10 countries (Western Europe) the role of structural change in driving down aggregate energy intensity has been increasing over time (22% measured over 1980−2005, 42% measured over 1995−2005) . In contrast, except for Hungary, in the Eastern European countries (EU-4) structural changes have contributed to increasing aggregate energy intensity.
It is beyond the scope of this paper to discuss all country-specific results in detail. Also, comparison of our results with findings of existing studies is not straightforward because of cross-study differences in time periods, sector definitions, levels of aggregation and decomposition methodology. Further comparison of our results with these and other previous studies suggest that sector definitions, rather than the level of aggregation or decomposition methodology, play a crucial role in explaining different results from decomposition analyses across studies. For example, using a 65-sector decomposition approach based upon the North American Industry Classification System (NAICS), Huntington (2010) finds for the USA that between 1997 and 2006 structural changes explain, respectively, 39% and 92% of energy intensity reductions in the Manufacturing and Services sector. In contrast, we find these percentages to be, respectively, 23% and 10% (during the period 1995−2005) -using the same decomposition methodology and a very similar degree of subsector detail, but based upon the Standard Industrial Classification System (SIC). In comparison, using a similar two-digit decomposition approach based upon SIC, Metcalfe (2008) and Lescaroux (2008) 
Convergence
In this section we analyze the evolution of the observed cross-countries differences in energy intensity developments. These differences may change over time as the result of factor accumulation, factor price changes and technological change, which in turn can be facilitated by processes such as trade, foreign direct investment (FDI), learning and market conditions (Miketa and Mulder 2005, Mulder and De Groot 2007) . On the one hand, these processes may contribute to cross-country convergence of energy intensity levels by means of technology transfer and knowledge spillovers to relatively backward countries, factor price equalization or diminishing returns to capital accumulation. On the other hand, these processes may cause diverging energy intensity trends because learning effects, externalities and market imperfections allow for economy-wide increasing returns to capital accumulation and international specialization, which in turn may result in multiple steady states and different path of factor accumulation (Grossman and Helpman 1991) . Moreover, there is some reason to believe that technology diffusion and knowledge spillovers are local rather than global (see, for example, Keller 2002) which raises the possibility that cross-country convergence of energy intensity levels depend on the spatial dimension of technological progression .
Against this background, we document and decompose patterns of cross-country convergence of energy intensity levels. Convergence can be understood both in terms of levels and growth rates, which translates into a distinction between so-called σ-convergence and β-convergence (e.g., Barro 1991, Barro and Sala-i-Martin 1992) . The former refers to a decreasing variance of cross-country differences in productivity or intensity levels, while the latter refers to a tendency of countries with relatively high (low) initial intensity (productivity) levels to grow relatively fast, building upon the proposition that growth rates tend to decline as countries approach their steady state. 13 Below we provide cross-sector evidence for both types of convergence. We conclude by extending the β-decomposition approach developed by Wong (2006) to quantify the role of structural change and sectoral efficiency growth in driving aggregate patterns of energy intensity convergence across OECD countries. convergence. In addition, across EU-10 countries (Western Europe) energy intensity levels in the Services sector also converged rapidly. 13 Obviously, σ-convergence and β-convergence are closely related. A narrowing dispersion of cross-country productivity differences implies that countries with a relatively poor initial productivity performance tend to grow relatively fast. However, as has been argued by Quah (1993) , a statistically significant inverse relationship between the initial level and the growth rate of productivity performance can be consistent with constant or even increasing cross-country productivity differences -a phenomenon known as Galton's Fallacy of regression towards the mean. In other words, β-convergence is a necessary but not a sufficient condition for σ-convergence.
Figure 1. Results of σ-convergence analysis, measured as standard deviation of log(energy intensity)
In Table 5 we present the results of a more detailed sector analysis of σ-convergence patterns. From the table it can be seen that the aforementioned trend-break in Manufacturing is largely caused by strong cross-country convergence of energy intensity levels in the Food industry. Furthermore, the table shows that within the Manufacturing sector convergence is especially strong in the sectors Textiles and Leather, Wood and Cork, Basic Metals and, before 1995, also Non-Metallic Minerals. In contrast, in the Machinery industry differences in energy intensity levels across countries increased considerably, especially within the EU-10 region. Albeit much weaker, during the period 1995−2005 we also find evidence of σ-divergence in the Chemical and Non-Specified Industries, especially when measured at the OECD-18 level. As a result of these and other trends, in 2005 cross-country variation in energy intensity levels is relatively high in the subsectors Wood and Non-Specified Industry and relatively low in the subsectors Food and Textiles. Except for the Paper & Pulp industry, cross-country differences in the energy-intensive subsectors are relatively low. As regards the Services sector, Table 5 shows that the relatively rapid convergence of energy intensity levels across EU-10 countries (Western Europe) is mainly driven by considerable decreasing crosscountry variation in energy intensity levels within the sectors Renting, Other Services, Public
Administration and Defense and Education. In contrast, we find evidence of increasing cross-country differences in energy intensity levels within the sector Wholesale and Retail Trade and, for the EU-10 region, also in the sector Hotels and Restaurants. As a result of these and other trends, in 2005 cross-country variation in energy intensity levels is relatively high in the subsectors Hotels & Restaurants and
Post & Telecommunication, and relatively low in the subsectors Other Business and Other Services.
Next, we present the results of our β-convergence analysis, testing for the assumption that countries with relatively high initial energy intensity levels tend to catch up to more advanced countries.
We do so by regressing for each sector i the growth rate of energy productivity (i.e. the ratio of economic output to energy input; it is thus the inverse of energy intensity I, and we denote energy productivity by (4) with j denoting the cross-country dimension and ε jt the standard error. A statistically significant negative estimate of β is taken as evidence of convergence, because it suggests that countries with relatively low initial energy productivity levels catch-up to more advanced economies. This so-called unconditional convergence specification implicitly assumes that across countries energy intensity levels converge towards a uniform steady state. This, of course, is a strong assumption because economies differ in terms factors that may impact energy intensity levels -including, for example, energy prices, energy mix, technology levels, policy stringency, scale economies, etc.. Hence, instead it is more realistic to assume that energy intensity levels converge to multiple steady-states, which are conditional on country-specific characteristics. To this aim, we extend our analysis by including fixed effects in our panel data framework, according to:
with µ j representing unspecified country-specific (fixed) effects. These fixed effects are unobservable individual 'country-effects' capturing country-specific tangible and intangible factors that may impact energy intensity levels. Following Islam (1995) we use five-year time intervals in order to reduce the influence of business-cycle fluctuations and serial correlation on the error term. Hence, ∆I in equation (1) is an average growth rate over a five-year period. Using the estimated values of β, the speed of convergence λ at which the energy-intensity levels are converging to their steady-state level can be (Barro and Sala-i-Martin, 1992; Islam, 1995) .
14 We present the results of our estimates in We conclude our analysis by calculating to what extent the observed aggregate pattern of energy intensity convergence is to be explained from, respectively, convergence in the underlying sectoral structure and convergence of efficiency improvements within individual sectors. We do so by applying the sectoral β-decomposition approach developed by Wong (2006) to our data. We slightly modify his approach by choosing a different underlying decomposition methodology: like in the previous section we use the log mean Divisia index method (LMDI I), i.e. a perfect decomposition method without a residual. 16 More specifically, the sectoral β-decomposition approach is based on the identity:
where β eff is the coefficient estimate obtained from regressing for each sector i the weighted growth rate of its energy intensity between period 0 and t on the initial level of aggregate (economy-wide) energy intensity according to:
Similarly, where β str is the coefficient estimate obtained from regressing for each sector i the weighted growth rate of its value added share between period 0 and t on the initial level of aggregate (economy-wide) energy intensity according to:
In equations (5) and (6) w i is the LMDI I decomposition weighting function as defined in the previous section; again, j denotes the cross-country dimension, ε jt the standard error and µ j the unspecified countryspecific (fixed) effects. The results are presented in Table 8 .
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Conclusions
Decreasing energy intensity (i.e., the ratio of energy input to economic activity) is crucial in addressing present-day concerns about greenhouse gas emissions and energy security. Both academic research and policy making in this area require insight in historic trends and determinants of this ratio, across countries and across sectors. Against this background we presented new stylized facts on energy intensity dynamics (both in terms of growth rates and levels) for 18 OECD countries and 50 sectors, during the period 1970-2005. Our analysis is based on a newly constructed database that combines the recently launched 'EU KLEMS Growth and Productivity Accounts' with physical energy data from the International Energy Agency (IEA). This dataset is unique in providing consistent high-quality and detailed data resources for a relatively long time span.
We found that across countries energy intensity levels tend to increase in a fairly wide range of Services subsectors, but decrease in most Manufacturing sectors. A considerable and increasing part of the observed aggregate energy intensity patterns is explained by changes in the sectoral composition of economies. Cross-country variation in aggregate energy intensity levels clearly tends to decrease since 1995 but not before. This pattern of convergence is driven by a remarkable strong and robust trend break towards convergence in Manufacturing, further enhanced by relatively strong convergence in Services.
Across sectors lagging countries tend to catch-up with leading countries, with rates of convergence on average being higher in Services than in Manufacturing. Finally, we found that aggregate convergence patterns are almost exclusively caused by convergence of within-sector energy intensity levels, and not by convergence of the sectoral composition of economies.
We think these stylized facts can be fruitfully used for calibration of applied general equilibrium models and scenario analyses. Our dataset may be a valuable source of information for future empirical work in energy economics on the relationship between economic activity and energy use, also because its internal consistency facilities replication and comparability of studies across countries and across sectors.
Future research along these lines may, for example, look into topics such as biased technology change, the estimation of production functions and production factor substitution elasticities, and the role of energy in economic growth processes.
Appendix A. Supplementary data
Supplementary data to this article can be found online at www.henridegroot.net.
